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WIND-TUNNEL CALIBRATION AND REQUIREMENTS FOR IN- FLIGHT 

USE OF FIXED HEMISPHERICAL HEAD ANGLE -OF- ATTACK 

AND ANGLE-OF- SIDESLIP SENSORS 

Earl J. Montoya 
I'light Research Center 


INTRODUCTION 


The precise measurement of angle of attack and angle of sideslip is critical for 
aircraft that cruise at speeds in excess of Mach 3. These parameters are used not 
only in pilot displays and for obtaining flight-test data but also as inputs for such auto- 
matic systems as inlet control, autopilot, and stability augmentation. Vane-type 
angle-of-attack and angle-of-sidcslip sensors were used successfully up to Mach 3 on 
both the X-15 (refs. 1 and 2) and the XB-70 (ref. 3) aircraft. However, at higher 
Mach numbers the temperatures to which the electrical sensing elements of the vane 
are subjected become high enough to affect the reliability of the elements. To over- 
come this problem, a servo-driven ball nose with pneumatic sensors was used on the 
X-15 aircraft (refs. 4 and 5). This system kept the pitot port oriented into the relative- 
wind at Mach numbers up to G.7. The angle of attack and angle of sideslip were 
measured by sensing the position of the ball. This complex system was necessary 
because o' the large angla-of-attack range through which the airplane flew (refs. 4 and 
5). For smaller angle-of-attack ranges, less complex fixed probes of similar design 
which have the necessary accuracy, response, and linear characteristics throughout 
the speed and angle-of-attack range are feasible. 

Fixed, isolated, hemispherical head sensing probes with static ports 40° to 45° 
to each side of the axis of symmetry have been tested in wind tunnels. They were 
found to have linear calibrations of ±12° in the Mach number range from 0.3 to 2.0 
(refs. 0 to 8). F'or practical application on aircraft, it is desirable to mount such 
flow-direction sensors on the nose boom where the flow is relatively undisturbed. 

During the development of the YF’-12 hemispherical head angle-of-attack — angle- 
of-sideslip sensor, throe sensor configurations mounted off the nose boom were tested 
in wind tunnels to obtain a calibration to be used in flight. The tests were conducted 
over a Mach number range of 0.2 to 3.G. This report presents the results of these 
tests and discusses the effects of configuration changes on the calibrations. Mechani- 
zation of the information from the sensors for use in aircraft systems, pilot displays, 
and test data recording systems is also discussed. 

SYMBOLS 


Physical quantities in this report arc given in the International System of Units (SI) 


and parenthetically in U. S. Customary Units. The measurements were made in 
Customary Units. Factors relating the two systems are given in reference 9. 


P|> P2» P3» P.j 


error of the parameter in parentheses 
Mach number 

surface static pressure on the pitot probe, N/m 2 (psia) 
nose boom pitot pressure, N/m 2 (psia) 

frcc-stream total pressure, N/m 2 (psia) 

hemispherical head pressures (page 4), N/m 2 (psia) 

free-stream dynamic pressure, N/m 2 (lb/ ft 2 ) 

Reynolds number, per m (per ft' 

nose boom angle of a'.'ack, deg 
calculated angle of attack, deg 

nose boom angle of sideslip, deg 
calculated angle of sideslip, deg 


Ap^ or Ap^, or both, N/m 2 (psi) 


sensor differential pressure coefficient 


P 3 - Pp N/m 2 (psi) 
P 2 “ p 4 ’ N/,rn2 <P si > 


nose boom angle of attack for zero , deg 

q 0 

Apft 

nose boom angle of sideslip for zero — H , deg 

q 0 


• ^”^*^y** ~’ r ■ f'* 





CONFIGURATIONS TESTED 


Three-view drawings of the fixed hemispherical anglc-of-attaek — angle-of-sideslip 
sensors tested are shown in figures 1(a) to 1(c). The sensors were strut-mounted on a 
nose boom with a pitot head. Pertinent configuration characteristics are given in 
table 1. The configurations differed primarily in alinement relative to the airspeed 
boom and in standoff distance. All three configurations were tested in wind tunnels. 
Photographs of configuration C, which was flown on the YF-12 aircraft, arc show'll in 
figures 2 and 3. 


WIND TUNNELS 


Wind-tunnel tests were made in the Lockheed Aircraft Corporation (LAC) 8- by 
12-foot low speed wind tunnel and the 4- by 4-foot supersonic tunnel and in the Ames 
Research Center (ARC) 8- by 7-foot supersonic tunnel. Table 2 lists the pertinent 
characteristics of these wind tunnels. Additional detail on the LAC 4- by 4-foot and 
ARC 8- by 7-foot supersonic tunnels are presented in references 10 and 11. 


TEST CONDITIONS 


Conditions lor the wind-tunnel tests were as follows: 



M 


3 




Tlie configuration C tests conducted by Lockheed were monitored by NASA. 


DATA REDUCTION 


Mach number, M, freo-slrcam dynamic 
pressure, q^, free-stream total pressure, 

p , and the hemispherical head pressures, 

p , p„, p„, and p , together with angle of 

14 0 ‘] 


attack and angle of sideslip, were obtained 
from the wind-tunnel tests. The four hemis- 
pherical head pressures obtained are shown 
in the adjacent sketch. Differential sensor 


pressure coefficients. 



or 



or 


both, were calculated by using the following 
expressions: 


Vo rtical 



and in angle-of- sideslip plane 


Ap„ = P3 - Pi 
q 0 ” % 

ajid 

Ap rj _ P2-P4 


The data for configurations A and B, which were tested by Lockheed, were provided 

iii terms of versus angle for both angle of attack and angle of sideslip. The ratio 

% 

Prp 

— — was determined by using reference 12 for each Mach number tested. Then 

q o q 0 

was obtained by using the expression 


Ap p Tq = Ap 
P T q q 0 q 0 

Configuration C data were provided in the required parameters. 

The plots of versus angle show that tiie results tend to be linear. The slopes 
q 0 


4 



of the linear results were measured over an increment range through the origin of 

n xx 

approximately 10°, which yielded a calibration sensitivity factor of 


Angle 


. The 


sensitivity was determined for each Mach number and configuration, 
versus Mach number were made from these results. 


Plots of 


Ae 

QO 


Angle 


ACCURACY 


The accuracy of a flow direction sensor is a function of both the wind-tunnel calibz'a- 
tion error and the error associated with the instrumentation used to measure flow 
direction. The most important information to be obtained from a wind-tunnel calibra- 
tion is the change in the differential sensor pressure coefficient, per degree of 

q 0 

angular change as a function of Mach number. A calibration of this type was developed 

Ap 

q 0 

which used measured slopes equal to A ~ in which angle is an increment where the 

faired data line was linear. The slope calibration minimized the effects of zero shift 
and bias errors due either to misalinement of the probe or to deflections of the sting 
due to air loads during the calibrations. Nonetheless, the probe was alined as care- 
fully as possible in the tunnel, using a transit and an inclinometer. The estimated 
average errors in tunnel positioning and Reynolds number, absolute pressure, and sen- 
sor pressures were as follows: 


Parameter 

Estimated average error 

a 

±0. 18° 

p 

±0.11° 

N Re 

±0. 7 x 10^ per m 
(±0.2xl0 6 per ft) 

% 

±0. 25 percent of reading 

p l ,p 2 > 

p 3’ P 4 

±344.7 N/m 2 
(±0. 05 psi) 


The error in Mach number became larger with increasing Mach number, as shown in 
the following tabulation: 
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M 

K(M) 

0. 2 

*0.001 

. 7 

± . 003 

. 9 

±. 001 

. 95 

± . 004 

1 . 0 

±. 004 

1. 05 

± . 004 

1 . 1 

± . 004 

1.4 

±.007 

2. 0 

±.010 

2.6 

±. 020 

3.2 

±.060 

3. 6 

±.080 


To apply the calibration. 


Aji 


was determined at a pax' —liar Mach number from 


the pressures measured by a properly alined probe and divided by the calibration factor 
as follows: 


Angle = 


The portion of the angular error attributed to the calibration factor was caused by the 
tunnel positioning and pressure errors mentioned previously. The effects of these 
position and pressure errors on the slope calibration and the resultant angular error 
were calculated using the techniques of reference 13. (The error in the measured 

j s a function of the installation and therefore is not included. ) 

q o 



q 0 

The errors resulting from the effect of Mach number errors on and - — 


l 0 


were used to obtain the overall error shown in figures 4(a) and 4(13). Since the values 


of 


_Ael 


and 


_Ael 


- can vary over a wide range (angles of attack from 

q n prp 

measured measured 

-1° to 16° and angles of sideslip from -5 C to 5°) in the subsonic to supersonic Mach 
number range, the calibration errors are presented as a percentage of the angle-of- 
attack and angle-of- side slip readings. These errors were 3 percent or less at the 
high supersonic Mach numbers. In this airspeed range, angle of attack and angle of 
sideslip were normally less than 8°, which resulted in calibration angular measure- 
ments that were accurate within ±0. 25° (approximately 8° x 0. 03). 
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RESULTS AND DISCUSSION 


Configuration C was chosen for use on the NASA YE-12 airplane for several reasons. 

An accurate airspeed :uul angle-uf-attaek angle-of-sideslip indication system was 

desired to provide critical airspeed and flight information to both the pilot and the air- 
craft systems over the operating range. Emphasis was placed on operation at high 
supersonic Mach numbers. The nlincntcnt of the hemispherical head to the flow at 
flight angles of attack governed the design of configurations If and C. As is shown, all 
three configurations would have been adequate for obtaining the angle of attack and 

angle of sideslip. However, interactions between the strut- mounted fixed hemisphere- / 

cal head sensor and the airspeed pitot head also had to be considered. These inter- 
actions were minimized in configuration C. 

Wind-tunnel results for all the configurations tested are presented in figures 5 to 13. 

Samples of the basic data in terms of the sensor pressure coefficient versus angle of 
attack and sideslip are plotted in figures 5, 8, and 11 for the Mach numbers tested. 

The calibration for angle-of attack and angle-of-sideslip curves is generally linear 
from -G J to S' about the zero pressure coefficient. Minor nonlinearities occur outside 
this range. 


Ap 


A summary of the sensitivity, or ;(ngl e * of the basic calibration curve., in fig- 
ures 5, s, and 11 is shown as a function of Mach number in figures G, 9, and 12. A 

q 0 

sharp drop in ^ nf 7 p; occurs in the transonic region (figs. G and 9) followed by a gradual 

Aj? 

q 0 

rise as Mach number increases. It should be noted that as - 1 — -r decreases, the 

Angle 

sensitivity of the angle calculated (or the resolution of the angle) for the pressure co- 
efficient. measured increases. Therefore, in the transonic region and up to Macn 1.8 

(*V.\ 

\V 


errors in 


or Mach number can result in a significant angular error. 

measured 

The calibrations tend to become constant again above Mach 2. 6. 


No significant Reynolds number effects were apparent in the Reynolds number range 
from 3.28 to G5. G x lO 1 * per meter (1.0 to 20. 0 x 10*-' per foot) (figs. 1 1 lb) anti 11 (d)). 


Because of the inclination of the angle -of-attaek probes and ports to the nose boom 
centerline, the coefficient of differential sensor pressure should be zero at angles of 
attack of 0°, 4°, and 3.4° for the A, B, and C configurations, respectively. The co- 
efficient of differential sensor pressure should be zero at a sideslip angle of 0° for all 
the configurations tested. Deviations from the theoretical zero pressure coefficient 
crossings shown in figures 5, S, and 11 are attributed to a combination of How conditions 
around the probe, tunnel How angularities, and tunnel measurement tolerances. 
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Figures 7, 10, :unl 111 show the angles (A'l 1 and A/1) that corres|x>nd to zero pressure 
coefficients for configurations A, H, and C, rcs|>ectively. 


Configuration A 


The wind-tunnel results for configuration A a~e presented in figures 5, 0, anc! 7. 
Individual fail ings of the angle-of-attack and anglc-of-sideslip data were made; however, 

Ap 

f l ( . 

scatter in tlie supersonic slope data, — r— , indicates that a single fairing to represent 


Angle 

the a and ji variations (fig. C>) may he appropriate, depending on the accuracy requir- 
ed. For use on an aircraft, the error caused by using a single curve rather than individ- 
ual angle-of-attack and angle-of-suieslip curves was evaluated by determining the differ- 
ence between the angles in the individual calibration curves and those in the faired curve. 
The following table shows typical biased errors which result from using a single curve: 


( 

Mach 

number 

Typical 

angle of attack, 
deg 

Krror in 
angle of attack, 
deg 

0.4 

7 

0. 1 [ 

1.0 

2 

. 05 

1.4 

0 

.IS 

2. 0 

0 

. 15 

2.0 

0 

. 13 

3.0 

4 

, OS 

3.0 

4 

. 08 


Normally the angle of sideslip is within .+ l c , so the biased error in the ;uigle of sideslip 
would be about -0.03'’. The difference between the faired curve and the angle-of-sidesiip 
curve is about 3 percent over the Mach range, because these errors are biased, they 
can be corrected for; however, the use of the individual calibration curves is more 
aeeuiate. When a single calibration curve is used, results from figure -1 and the biased 
errors would be used to determine the total calibration error in angle of attack and 
angle of sideslip. 


The angles at which the intersection point for angle of attack (Ap^ - 0) and angle of 

side slip (Ap^ - 0) occurred are shown in figure 7. As shown, the intersection (joints 

are not at 0°. The following angular corrections (A nr and A/3) should be applied to 
obtain an accurate angle determination: 
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and 


it = A/i + 



Configuration B 

Figures s, and 10 present the wind-tunnel results for configuration B. The 
fairings of the sensitivity factor versus Mach number data at the lower Mach numbers 

Qn 

(tig. 0) arc based on the fairings in figure 0. The values of -r r- at Mach 2.0 and 

Angle 

above are lower than those- of configuration A :ind ate the result of alining the hemi- 
spherical heat sensor 1° downward from the horizontal. 

The use of a single calibration curve, determined by fairing through the data of 
liguu; 0, to determine angles of attack and sideslip was evaluated. The following 
table shows the resultant error in angle of attack: 


Mach 

number 

Typical 

angle of attack, 
deg 

Error in 
angle of attack, 
deg 

0.4 

7 

0.13 

1.0 

2 

.05 

1.4 

6 

. 17 

2.0 

G 

. 14 

2.G 

G 

.14 

3. 0 

4 

. 09 

3.2 

4 

.09 


The biased error in angle of sideslip is about -0.03° 
± 1 °. 


for nominal angles of sideslip of 


The corrections for the intersection points for configuration B, which make it 
possible to obtain aec urate angle measurements, are shown in figure 10. 


Configuration C 

Figures 11, 12, and 13 present the wind-tunnel results obtained with configuration C. 


O 


The values of differential sensor pressure corffieiciit for both angle of attack ,tmi angk 
of sideslip from the two different tunnels agreed at Mneh 2.0 (fig. ! 1(b)) and Mach :t. g 
(fig. 11(d)). 


The results from eaclt wind tunnel were plotted separately in terms of the sensitivity 
Ap 
Ci 0 

faetor, , versus Mach number (fig. 12). A pronounced <lifferenee ot approxi 

mately 0.00G0 in the sensitivity parameter apjioared between the anglc-ul attack and 
angle-of-sidcslip data for configuration C, presumably because- the :uig!e-of attack ports 
were sliiftcd asymmetrically downward on the probe face and because it was in a dif- 


ferent flow field. 


This diffei'encc in 



-r- — , which appears to be nearly constant over 
Angle 1 1 


the Mach number range tested, is confirmed by the LAC and ARC results. 

of the angle- of- sideslip sloix.- is less than that of the angle -of- attack slojx- 
Mach number. 


The 


A 

. ( h) _ 
Angle 


at any given 


Use of the single calibration curve shown in figure 12 to determine both angle of 
attack and angle of sideslip would result in the biased errors shown in the 1 table below, 
Reynolds number differences did not seem to affect the results (figs. 1 1 (la) and 11(d)). 


Mach 
numbe r 

Typical 

angle of attack, 
deg 

t'r *-••!' ir> 
angle of attack, 
deg 

1.1 

G 

0.32 

2.0 

G 

.32 

2. G 

G 

.27 

3.0 

4 

.25 

3.2 

4 

.23 

3.4 

4 

_ 


The biased error in sideslip for a nominal angle of sideslip of 1° is approximately 
-0.00°. Intersection point corrections (An- and A />) for this configuration are pre- 
sented in figure 12. He low Mach 1.4 the fairing was based on subsonic results for 
con figurations A (fig. 7) and B (fig. 10), because no subsonic data were taken for con- 
figuration C. The anglc-of- sideslip correction is essentially zero for Mach numbcis 
greater than 1.1. 



('i mi pa ri sons 


Because no data wrr obtained below Mach 1.1 for eon Con ration C, a moans of 
obtaining a calibration curve' from Mach 0.2 to 1.4 was needed. The results from all 
three configurations ai-e combined in figure l -1 . This figure was used to generate an 
angle-of-attaek — .ingle-r .-sideslip calibration curve over the entire Mach range for 
configuration C. 

Coiiiparison of angle -oj -at tack data. - The angle-of-attaek results for all three con- 
figurations are shown in figure 1 1(a). In general, data for configurations A and B agree 

do 

within i 0.002 over the Mach range from 0.2 to 2.2. All three configurations are 

in general agreement from Mach 1.1 to 2.2. Above Mach 2.2, the data for configura- 
1 if is A and C agree within h). 003 in sensitivity, but the configuration B results are 
low. A full-range calibration for configuration C was generated b> taking into con- 
sideration the results of configurations A and B in the Mach number range from 0.2 to 
1. !, ami those of configuration C in (he Mach number range from 1.4 to 3.0. 

CV»m|-*£* ri son *>f a .glc-of-sHcsHp data. - Figure 11(b) is a compilation of the angle- 
of sideslip-determined sensitivities from the configurations tested. Configurations A 
and B show that the angle -of sideslip results dilfer from tne angle-of-attack results by 
a constant (tmgleof sideslip sensitivity was approximately 0.003 lower than angle-of- 
aftaek sensitivity) over the Mach number range (figs. 0 and P). A calibration curve for 
the anglc-of sideslip d.ua for configuration C was faired using t!i(> general shape char- 
acteristics of the anglc-of sideslip data calibration curve in the Mach number range 
from 0.2 to 1.1. Above Mac h 1.1, the calibration curve fairing was weighted by the 
icr'flgu: ction C nngh'-ot-.sidosl ip data. 


Mechanization of Calibration Curves 


Because angle of attac k :uid angle of sideslip a,e important flight parameters for 
pilot display and input eletncnts into auton.atic systems, a means of obtaining these 
values quickly and accurately on board an aircraft would be desirable. Since fixed 
hemispherical head sensors do not provide a direct readout of angle of attack or angle 
of sideslip, special processing of the hemispherical head sensor data is necessary. 

Although dynamic pressure, q^, is a fundamental paramete r in the calibration 

An 

% 

term, \ n .7j~ v - *1 is not easily measured in flight. Thcrelorc, an alternate technique 

using nose boom pitot pressure, p.p for the angle-of-attaek — angle-of-sideslip cali- 
bration instead of q ( has been developed for use on an aircraft. 


A plot of 


% 

in- 


versus Mach number is presented in figure 15. This figure presents 






theoretical results obtained from reference 12 and typical flight-test results obtained 
with configuration C. As shown, the theoretical results and the test data generally 
agree and above Mach 1 . -S tend to become less sensitive to Mach number changes. 
Using the results shown in figure 15 and the calibration curves shown in figure 11, a 

Ap 

Pi- 

calibration was obtained in terms of — — (lig. 16). The data flow diagram 

Angle 

Ap 

P T 

associated with the -r — r- calibration euiwes is shown in the following schematic 
Angie 

drawing: 
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This schematic also illustrates a technique developed (using 5 ^^; ) to present angle 

of attack and angle of sideslip to the pilot in flight. A constant intersection correction 
for Au and A/3 is assumed and applied. To accomplish this, an air-data computer 
would be used to provide indicated Mach number from p T and p g . A high-speed 



O 






on!) card digital computer would store the calibration and perform the tasks shown in the 
data flow diagram. Inputs to this computer would be Ap^, Ap^> , p,^, and indicated 

Mach number. The outputs from the computer would drive angie-of-attack and anglo- 
of-sideslip indicators. An installation of thio typo was flown on the NASA YF-12 air- 
plane with the configuration C sensor at Mach numbers up to 3.0 and temperatures in 
excess of 290° C (550° F). 


APPLICATIONS 


The fixed hemispherical sensors tested offer improved reliability, since they had 
no moving parts and, unlike conventional vane-type sensors, did not require a minimum 
aerodynamic torque or flutter speed. This was especially advantageous at high Mach 
numbers. In addition, the sensors were rugged and required little maintenance once 
installed. They did require an onboard computer to provide real-time pilot displays, 
and pressure lag effects had to be considered if long pressure lines were used or if 
dynamic response was desired. 

The device would lend itself to use on highly maneuverable aircraft, since it ap- 
peared to be insensitive to high g loads (boom bending excluded). High temperature 
and vibration did not appear to affect the sensor adversely. The sensor could also have 
been used as an in-flight research probe to study flow characteristics at locations 
other than the airspeed boom area, such as inside the inlet. 

In an inlet application, an isolated hemispherical head sensor would be used (rather 
than a nose boom or pitot probe like configuration C). A comparison of isolated probe | 

results from various studies with configuration C sensor results is shown in figure 17. 

Only angle-of-attack results are compared. The pressure orifices in all the isolated ' 

probes except those discussed in reference 14 were located 45° relative to the sensor 

axis. The isolated probe data were corrected to obtain an equivalent p,j, by using the i 

technique suggested in reference 12. As expected, agreement .is good at subsonic . 

speeds and through the transonic region. However, with increasing speeds the results 
diverge. This divergence is believed to be generated by the pitot head flow field. The 
flow field effects are negligible through the low supersonic speeds but become more 

pronounced at higher supersonic speeds. ( 


CONCLUSIONS 


Wind-tunnel pressure tests of three full-scale fixed hemispherical angle-of-attack 
and angle-of-sideslip sensor probes mounted off a nose boom were made over the 
free- stream Mach number range from 0.2 to 3.6 to obtain a calibration for flight use. 
The test data provided angle-of-attack and angle-of-sideslip calibrations for each of 
the sensor configurations and led to the following conclusions: 

1. Angular measurements accurate to ±0.25° were possible for angles up to 8° at 
high supersonic speeds. Errors at transonic speeds could have been considerably 
larger. 

13 


i 



If 



2. A single calibration curve* for determining both :ing!c of attack and angle of 
sideslip could Slave been used in conjunction with appropriate bias error corrections. 
Reynolds number effects were negligible for the range of values tested. 

3. The fixed sensors were ruined and reliable with no moving pans; however, 
pneumatic lay due to line length had to be considered. Flight experk nee showed these 
devices to be suitable for use in a high temperature environment. 

•!. In-flight onboard hemispherical head sensor signal outputs required sjieeial 
processing to ob.a in accurate real time angle -of-attnek anti angle-of- sideslip measure- 
ments that were satisfactory for pilot displays or aircraft systems. 

5. The results from boom -mounted probe tests showed good agreement with 
results from tests of probes in an isolated mounting up to a Mach number of 1,4 but 
poor agreement at higher speeds, probably because of the proximity of the pitot head 
and boom. 


i liishf Research Center. 

National Aeronautic* and Sp/co AUmintxtr aticni, 
I JwarJv* Calif.. SepUmbcr 8, 1972. 
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TAItl.K I. CON III d' HATH >N CHARAC I K Ids 'IK'S 


\'--cbo<m leugik, < lit (in.) 9). 31 (37. lit 

>t -..-or head di.imc'vr, i ll] tin. I 1 . Ill (11.75, 

l’r«. 'Ml it p- >ri diaiucte r ell sent-'" head), em tin., 0.17s id. t7 t 

St rut - 

Thichness, cm (in.) 1.37 (O.50> 

Shape Hi convex airfoil 

Deflection of hemispherical sensor head below 

horizontal centerline, deg 15 

Scn>„r (tort plane- 

Angle of attach Vertical 

Angle of sideslip Horizontal 


Strut standoff distance, im (in.t 

Distance of sensor from tip, cm (in. ). . . . 

Sensor centerline alinemont, deg 

Location of ports — 

Angle of attach 


Angle of sides! ip 


A 

7.02 (3.00) 
30. is (12. 00) 

0 

•15 front 
sensor center- 
line 

•lf> 5 front 
sensor center- 
line 


Configuration 

It 

(1. 30 (2. -IS) 
30. 48 (12.00) 

1 

15 from 
sensor center- 
line 

-15' from 
sensor center- 
] ine 


C 

0- 35 (2. .50) 
32.71 (12. 88) 

0 

Offset 3. I 
tlownv.a rd 
(90 apart) 

•15' front 
sensor center- 
line 


TAHLK 2. I'l: I (TIN KNT WIND-TUNNK L CIIAHACTK KISTICS 


1-5 C 8- by 12-foot low speed wind tunnel — 

Operation 

Mach number 

Reynolds numlter 

Normal angularity testing capability, deg: 

Angle of attack 

Angle of sideslip 

Propeller for airflow— 

Tyite 

Diameter, tit (ft) 

Power, .\f\V (lip) 

LAC -1- by -I — foot supersonic wind tunnel — 
Operation 


Mach number 

Reynolds numlter 

Normal stagnation pressure, N/m^ (psia) 
Stagnation temperature, 5 K( R) .... 

Running time, see 

ARC 8- by 7-foot supersonic wind tunnel — 

Operation 

.Maclt number 

Reynolds number 

Stagnation pressure, N/m^ (psia) .... 

Stagnatim temperature, 5 K (II) 


Continuous, elosed-ci rcuit 
0 to 0. 30 

l’p to 6. 50 10 G per meter 

(2.0 x 10® per foot) 

-10 to 20 
-30 to 30 

Stx-bladed (wooden) 

G. 10 (20) 

1.80 (2500) 

Blow-dour.; pressure 
storage with atmospheric 
exhaust 

0.7 to 5.0 

I'p to 65.0 x 1 0° per meter 
(20 x lo'’ per foot) 

■1.137 v io6 (000) 

311.0 to 391.3 (559.7 to 709.7) 
5 to approximately 180 

Continuous flow 
2.-15 to 3.5 

3.2S to 10. 4 v 1 (»*’ per meter 
(1.0 to 5. 0 X 10*’ per foot) 

3.04 to 20.20 x lO'l 
(4.11 to 29. (i 
322.5 (580) 
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94.34 




Standoff distance 








(a) Sensor configuration A. 


Figure 1. Three-view drawing of nose boom and pitot-static probe showing strut-mounted 
hemispherical head angularity sensor. Dimensions in centimeters (inches) except as other- 
wise noted. 










(a) Test airplane. 


E-23129 



'^—Hemispherical head 

flow direction sensor 


(b) Pitot-static probe. 

Figure 2. Photograph of configuration C, which is being flown on the YF-12 aircraft. 





Figure 3 



. Configuration C mounted in the ARC wind tunnel. 


A -4 1 704 







Error in angle calibration, 

± percent of reading 

2 





(b) Angle of sideslip . 


Figure 4. Kstimated error in calibration slopes used 












Angle, deg 

(a) M = 0.2, N Re = 4.92 x 10 6 per m (1.5 x 10 6 per ft). 


Figure 8. Typical tost sensor differential pressure coefficient versus boom angle 
data for sensor configuration 13. 


29 






Angle, deg 


(c) M = 1.41, N Re =13.1 X 10° per m (4.0 X 10 6 per ft). 
Figure 8. Continued. 








Figure 9. Sensitivity factor versus Mach number for sensor configuration B. 

N Re = 4-92 X 1q6 per m t0 26,2 * 1q6 P er m d-5 x 10 6 per ft to 8.0 x 10 6 per ft). 


I 





(a) M = 1.4, N 


Angle, deg 

Rc = 24.3 x 10° per in (7.4 x i0 R per ft). 

Figure 11. Typical test sensor differential pressure coefficient versus boom angle 
data for sensor configuration C. 
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6 ; . - 

-0 -4 -2 0 2 4 a K 


Ami!(‘. dc-o 

(d) M = 3.2. N ~ 02.0 >. 10° per m «. 10° per ft) lor I. AC <!; 

3.28 •: 10° per m (1.0 *. lo" per ft) for AHC dt.tn. 

Figure 11. ConHmled . 
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Figure il. Sensitivity factor versus Mach number for sensor configuration C. 
^lte ' 5 ' X pcr m t0 05. G X ]0 G per in (l.i, * 1() G per ft to 20 ■ 10 r> per ft). 









M 

(a) Angle of attack . 

Figure 14. Comparison of wind-tunnel sensitivity factor versus Mach number for 
sensor configurations A, B, and C. 




Configuration C fairing coincides 
with configuration A curve 


I 



4 8 1.2 1.6 2.0 2.4 2.8 3.2 3.6 

M 

Cb) Angle of sideslip . 


Figure 14. Concluded. 
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